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Tombusviruses, small positive sense RNA viruses of plants, are replicated by the viral-coded RNA-dependent RNA
polymerase (RdRp) in infected cells. An unusual feature of the tombusvirus RdRp that is partially purified from cucumber
necrosis virus (CNV)-infected plants is the ability to initiate complementary RNA synthesis from several internal positions on
minus-strand templates derived from DI RNAs (Nagy and Pogany, 2000). In this study, we used template deletion, mutagen-
esis, and oligo-based inhibition of RNA synthesis to map the internal initiation sites observed with the in vitro CNV RdRp
system. Comparing sequences around the internal initiation sites reveals that they have either (i) similar sequences to the
core minus-strand initiation promoter; or (ii) similar structures to the core plus-strand initiation promoter. In addition, we find
similarities among the internal initiation sites and the subgenomic RNA initiation sites. These similarities suggest that the
mechanism of internal initiation is similar to initiation from the terminal core promoters or the putative subgenomic promoter
sequences. We propose that internal initiation on full-length RNA templates may be important in defective interfering (DI) RNA
formation/evolution by producing intermediate templates for RNA recombination in tombusviruses. This may explain whyINTRODUCTION
Plus-strand RNA viruses, including tombusviruses,
which are small positive sense RNA viruses of plants,
are replicated by the viral-coded RNA-dependent RNA
polymerase (RdRp) in infected cells. Virus replication is
thought to require the assembly of the functional repli-
case complex that includes the viral RdRp and host
factors (Quadt et al., 1993; Diez et al., 2000; Noueiry et al.,
2000; and Buck, 1996). The viral genomic RNA must be
recognized and recruited to the viral replicase complex
(Buck, 1996), which may occur prior, during, or after the
assembly of the replicase complex. After the assembly of
the replicase complex and the recruitment of the viral
genomic RNA, a complementary (minus-strand) RNA is
made. This is followed by plus-strand RNA synthesis
utilizing the minus-strand intermediates. Biochemical
characterization of isolated plant viral replicases/RdRps
has revealed that these enzyme complexes are capable
of de novo initiation of complementary RNA synthesis on
selected template RNAs (reviewed in Buck, 1996; Kao et
al., 2001).
Initiation of RNA synthesis occurs at selected sites
called promoters, which have been characterized for
1 To whom correspondence and reprint requests should be ad-
dressed at Department of Plant Pathology, University of Kentucky,275several plant viruses (Adkins and Kao, 1998; Sivakuma-
ran and Kao, 1999; Song and Simon, 1995; Guan et al.,
1997; Singh and Dreher, 1997; Olsthoorn et al., 1999;
Osman et al., 2000; Panavas et al., 2002). Most of the
characterized viral RNA promoters are located at the 3
end of the RNA templates and they often form stem-loop
structures or consist of short single-stranded sequences
with unique primary sequences (Buck, 1996; Dreher,
1999; Kao et al., 2001). However, it has also been shown
that RNA synthesis can be initiated by the RdRp at
internal positions. The best-characterized cases are the
subgenomic promoters for BMV and TCV (reviewed in
Kao et al., 2001). Also, short artificial RNA templates with
CCA repeats are transcribed from both terminal and
internal positions by several viral RdRps (Singh and Dre-
her, 1998; Yoshinari et al., 2000; Deiman et al., 2000).
Tombusviruses, including tomato bushy stunt virus
(TBSV) and cucumber necrosis virus (CNV), are among
the most intensively studied RNA viruses of plants. They
have 4.8 kb, single component plus-strand RNA ge-
nomes that are directly translated into replicase proteins
p33 and p92 (Fig. 1) (Russo et al., 1994). p92 is the result
of translational readthrough of the p33 stop codon and its
level of accumulation is 20-fold less than that of p33 in
infected cells (Scholthof et al., 1995b). Previous in vivo
studies have demonstrated that both p33 and p92 are
necessary for tombusvirus accumulation (Scholthof ettombusviruses are frequently associated with DI RNAs. ©
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1990), while the function(s) of p33 is not known. Both p33
and p92 have been proposed to be part of the tombus-
virus replication complexes, which are localized to mem-
braneous cytosolic structures derived from peroxisomes
or mitochondria (Burgyan et al., 1996; Rubino and Russo,
1998).
Tombusviruses are frequently associated with defec-
tive interfering (DI) RNAs that are derived entirely from
the genomic RNA. The most frequently occurring DI
RNAs contain three or four short noncontiguous seg-
ments of the genomic RNA (Fig. 1; Hillman et al., 1987;
Rubino et al., 1990; Finnen and Rochon, 1993; Chang et
al., 1995). Due to their small sizes, DI-RNAs are excellent
templates for studying RNA replication in vivo and in vitro
(White and Morris, 1999; Nagy and Pogany, 2000).
In this report we demonstrate, by using a partially
purified CNV RdRp preparation (Nagy and Pogany, 2000),
that a prototypical minus-strand DI RNA template sup-
ports internal initiation from several sites. Analysis of the
requirement for internal initiation that is one of the char-
acteristic features of tombusvirus RdRps (Nagy and
Pogany, 2000) revealed that sequences at the initiation
sites resemble either the core 3-terminal minus-strand,
plus-strand, or putative subgenomic promoter se-
quences. The efficient internal initiation presented in this
paper may play a role in RNA recombination and DI RNA
formation/evolution. In addition, the tombusvirus RdRp
may use similar mechanism to transcribe subgenomic
RNAs during infection.
RESULTS
Minus strands of DI-72 RNA support internal initiation
by the CNV RdRp in vitro
An unusual feature of the tombusvirus RdRp is the
ability to efficiently generate internal initiation products
from full-length minus-strand templates of various DI
RNAs in vitro (Nagy and Pogany, 2000). Generation of
internal initiation products by the RdRp may be important
for subgenomic RNA synthesis and it may also influence
the generation of DI-RNAs. This is because the RNA
products generated by internal initiation may serve as
intermediates in DI-RNA formation by participating in the
replicase-driven template-switching events (see below).
To understand the sequence requirement for internal
initiation, we first determined the number of putative
internal initiation sites by using the 621 nt long minus-
strand DI-72 template (Fig. 1). Programming an in vitro
system based on partially purified CNV RdRp preparation
with DI-72 () RNA in the presence of all four rNTPs,
including 32P-labeled UTP resulted in at least 14 different
bands in 8 M urea/PAGE (Fig. 1B). Based on the esti-
mated sizes and RNase I-resistant nature of the RdRp
products, we estimated that one product (marked as ti in
Fig. 1B) was the result of de novo complementary RNA
synthesis from the 3 end of the template. This product
has been analyzed before (Nagy and Pogany, 2000; and
Panavas et al., 2002). One additional RdRp product that
migrated slower than the template was only partially
RNase I-resistant, suggesting that it had a hairpin-like
structure (marked with pe in Fig. 1B). This RNase I-sen-
sitive RdRp product was likely generated by 3-terminal
extension (similar to primer extension) instead of de
novo initiation (Nagy and Pogany, 2000) and was not
studied further in this work. Additional 12 RdRp products
that varied in sizes and in the intensity of labeling were
shorter than template-sized and were RNase I-resistant
(marked as ii1 to ii12 in Fig. 1B). Assuming that the 12
RdRp products were the result of internal initiation on the
FIG. 1. Efficient internal initiation by the CNV RdRp on the prototypical
minus-stranded DI-72 RNA template. (A) Schematic representation of
the 621 nt minus-stranded DI-72 RNA (shown in 3 to 5 orientation).
The four noncontiguous regions (indicated by roman numerals) in DI-72
that are derived from the TBSV genomic RNA by three large deletions
are depicted with boxes. (B) A representative denaturing gel analysis of
radiolabeled RNA products synthesized by in vitro transcription with
CNV RdRp using DI-72() RNA template. Position of the template-sized
RdRp product is marked with ti, while putative internal initiation prod-
ucts are termed as ii1 to ii12. RdRp products that were partially RNase
I sensitive [since they change migration in the treated () as compared
to the nontreated () samples] are marked with pe and depicted by
dotted lines. These products are generated by 3-terminal extension of
the templates (self-priming) by the RdRp, resulting in hairpin-like RNAs
(see Nagy and Pogany, 2000; and Panavas et al., 2002). Based on the
sizes of the putative internal initiation products (as compared to size
standards, not shown), we estimated that region I (marked as R I)
contained ii1 to ii4, region II included ii5 to ii7, region III had ii8 to ii11,
while region IV contained ii12 initiation sites. Top panel on the right
shows products pe, ti, and ii1 to ii4 after longer electrophoresis, while
the bottom panel on the right shows longer exposure of the gel shown
on the left in order to visualize the less abundant products.
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full-length DI-72 () template, we estimated that region I
had four, region II contained two, region III had four,
while region IV included one initiation sites (Fig. 1B).
Mapping the sites of internal initiation by the CNV
RdRp in vitro
To map the internal initiation sites, we first focused on
the initiation sites that were predicted to be in region I.
We generated a 172 nt long construct named R I() that
contained only the region I () sequence from DI-72()
to improve the accuracy of the prediction of the actual
internal initiation sites (Fig. 2A). High resolution 8 M
urea/PAGE analysis demonstrated that the CNV RdRp
generated five RNase I-resistant products (Fig. 2B). The
longest of the RNase I-resistant RdRp products was
generated by 3-terminal initiation (marked as ti, Fig. 2B),
while four RdRp products might be the result of internal
initiation (marked as ii1 to ii4, Fig. 2B). Based on com-
parison of the migration of the four putative internal
initiation products to molecular size markers, we esti-
mated that ii1 occurred at position 48, ii2 at position
62, ii3 at position 104 from the 3 end of the template
(Fig. 2A). In contrast to the other three internal initiation
sites that contained one major initiation site, ii4 con-
tained three “strong” initiation sites at positions 131,
132, and 133 and one weak initiation site at position
134 (Fig. 2A). Initiation occurring at four neighboring
positions within the ii4 sequence may be the reason that
the RdRp products generated from ii4 on the longer
DI-72() RNA template were migrating as a single band
during PAGE analysis (Fig. 1B). Nevertheless, the internal
initiation sites generated by R I() construct are likely
the same as those observed with DI-72() based on the
same number of initiation products, their relative migra-
tion as compared to the primer extension product after
RNase I treatment (marked as pe in Fig. 1B and with an
asterisk in Fig. 2B), and the prediction of the sizes of the
RdRp products analyzed by PAGE (not shown). We noted
that the relative intensity of the RdRp products (com-
pared to the 3-terminal RdRp product marked as ti)
obtained with R I() was different from that observed
with DI-72 (). For example, RdRp products ii1 and ii4
were generated efficiently with R I(), while product ii1
was visible as a faint band and ii4 was labeled to the
highest extent with DI-72 () (compare Figs. 1B and 2B).
The reason for these differences is currently not known
(see Discussion).
To map the sites of initiation more accurately, we
made a series of 3 deletions with construct R I().
Deletion of 46 nt from the 3 end of R I() did not alter the
use of any of the four internal initiation sites by the CNV
RdRp (construct 46, Fig. 2B). Replacing the cytidylate at
position 48 to an adenylate selectively inhibited the gen-
eration of product ii1, confirming that position 48 is used
for initiation (construct 46C/A, Fig. 2B). Replacing the
cytidylate at position 62 to an adenylate in combination
with deletion of 60 nt from the 3 end interfered with the
production of ii2, suggesting that initiation occurs from
that cytidylate (construct 62C/A, Fig. 2B). Deletion of 97
nt from the 3 end in R I() did not inhibit the production
of ii3, while deletion of 107 nt did eliminate product ii3
(constructs 97 and 107, Fig. 2B). This experiment nar-
rowed down the ii3 initiation site to one of the four
cytidylates located between positions 104 and 107.
Based on size estimation of the RdRp products obtained
with constructs 97, we estimate that the 3-located
cytidylate at position 104 is likely the initiating nt for the
ii3 product. Deletion of 127 nt in R I() did not inhibit the
generation of the four ii4 products, while deletion of 135
nt did inhibit the generation of all four ii4 products (con-
structs 127 and 135, Fig. 2B). These data suggest that
the four cytidylates between positions 131 and 134 are
likely the initiating nucleotides. Overall, these results
support the model that several cytidylates present in
region I() are used for internal initiation by the CNV
RdRp.
The possibility that the shorter than template-sized
products obtained with R I() are generated via prema-
ture termination is unlikely since (i) deletion of the 11 nt
3-terminal promoter region in R I() (Panavas et al.,
2002) should have inhibited the generation of premature
termination products; (ii) the series of 3 deletions shown
in Fig. 2A should have decreased the lengths of the
premature termination products if they were initiated
from the new 3 ends. An alternative possibility that
products ii1 to ii4 were generated by terminal initiation
from “broken” RNA templates, which might be generated
by cleavage of the full-length templates (due to RNase
contamination) during the RdRp reaction, however, is not
completely ruled out. This model assumes that the initi-
ation sites ii1 to ii4 may be positioned at the 3 terminus
in some of the cleaved RNAs and that may facilitate
initiation by the CNV RdRp.
To test the possibility that products ii1 to ii4 were
generated by terminal initiation from “broken” RNA tem-
plates, we used a set of five 16 nt long oligo DNAs that
hybridized to various portions of region I() as shown in
Fig. 3A. These complementary oligos are expected to
inhibit the generation of products whose initiation sites
are not accessible to the CNV RdRp due to the oligo
hybridization to the RNA template. The oligos are de-
signed to hybridize to the full-length templates more
stabily than to the broken templates with the putative
cleavage sites at or close to the initiation sites. The in
vitro RdRp experiments demonstrated that oligo-ii1 (Fig.
3A), which was complementary to a template sequence
that included the ii1 site plus sequences upstream of it,
inhibited the generation of the ii1 RdRp product (Fig. 3B).
Importantly, oligo-ii1 is unlikely to be able to hybridize
efficiently to a putative “broken” RNA template with the
cleavage site at or closed to ii1 site (Fig. 3A). Therefore,
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the data obtained with oligo-ii1-based inhibition of gen-
eration of ii1 RdRp product strongly support the model
that the ii1 RdRp product was generated via internal
initiation at the ii1 site on full-length templates. In other
experiments, oligos-ii2, ii3, and ii4 that can hybridize to
the regions around ii2, ii3, and ii4 initiation sites (Fig. 3),
respectively, inhibited the generation of the correspond-
ing RdRp products (Fig. 3B). In contrast, the oligo-mii3
that was only partially complementary to the sequence
around ii3 due to the presence of four G to A or T
mutations (Fig. 3A) inhibited the production of ii3 only
partially (Fig. 3B). Incomplete inhibition of internal initia-
tion from ii3 by the mii3 oligo suggests that, in general,
complete hybridization between the oligo DNA and the
RNA around the initiation site is needed for selective
inhibition of initiation. Overall, the results with the com-
FIG. 2.Mapping the sites of internal initiation within the minus-stranded region I of DI-72. (A) Sequence of region I() is shown in 3 to 5 orientation.
Position 1 corresponds to 3-terminal initiation. Dotted lines indicate not shown sequences. The names of the constructs are shown on the left, while
sequences present are indicated with solid lines. Mutated nucleotides at the 3 ends of two constructs are shown. The estimated sites of transcription
initiation are marked with arrows above the region I () sequence. (B) A representative denaturing gel analysis of radiolabeled RNA products
synthesized by in vitro transcription with CNV RdRp. RNA templates were used in equal amounts. Products obtained by 3-terminal or internal initiation
are shown on the left side of the gel (similar terminology was used as in Fig. 1B). Asterisks denote products that were RNase I sensitive (3-terminal
extension products). The missing ii1 to ii4 products are depicted with an arrow in those lanes where deletions inhibited initiation from the particular
site. Positions of the molecular size markers are shown on the right.
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plementary oligo-based inhibition of initiation are in
agreement with our model that the shorter than template-
sized products are generated by internal initiation by the
CNV RdRp. Also, putative broken RNAs, if present, were
not detected in etidium-bromide-stained gels (not
shown).
We also made the following observations from the
oligo-based inhibition studies (Fig. 3). First, several com-
plementary oligos, most notably oligo-ii3 inhibited RNA
synthesis not only from the complementary initiation site
(i.e., ii3, Fig. 3A), but from the other sites, too. It is
currently not known whether this inhibition is based on
specific interference with initiation by RdRp or the result
of a presence of a nonspecific inhibitor in the purified
oligo preparation. The second observation is that in each
experiment that included an oligo DNA fully complemen-
tary to the RNA template new RdRp products are de-
tected. These new RdRp products are RNase I resistant
(not shown) and likely result from initiation at new sites
that, interestingly, located at nearby upstream positions
to the hybridized oligos. Based on their estimated sites,
the new RdRp products are unlikely the result of prema-
ture termination by the CNV RdRp at the sites of oligo
hybridization (Fig. 3B). It is more likely that these prod-
ucts are generated by internal initiation due to the al-
tered secondary structures of the RNA templates caused
by the hybridized oligo to the template. Further studies
will be needed to dissect the role of RNA secondary
structure on internal initiation.
Transferring the initiation sequences to internal
locations in another RNA template results
in internal initiation
To analyze the sequence requirements for internal
initiations, we transferred the initiation nucleotide plus
14 nt long downstream sequences of ii1 to ii4 to an
internal location of an RNA template that lacked efficient
internal initiation sites [namely, 72I(), Fig. 4A]. These
experiments were designed based on previous observa-
tions that core promoter sequences can be as short as
11 nt for tombusviruses (e.g., the core plus-strand initia-
tion promoter, Panavas et al., 2002). We reasoned that if
the 15 nt long sequences derived from ii1 to ii4 were
sufficient for internal initiation, then they also should
support internal initiation when present at internal loca-
tions in a new RNA template.
Testing the 72I()-derived constructs that contained
ii1, ii2, ii3, or ii4 initiation sequences (see constructs
72I/ii1, 72I/ii2, 72I/ii3, or 72I/ii4, Fig. 4A] in the CNV
RdRp system revealed that internal initiation occurred at
each site with variable efficiencies. The control 72I()
template that lacked any of these internal initiation sites
did not support a detectable level of internal initiation
FIG. 3. Inhibition of internal initiation with complementary oligo DNAs. (A) Sequence of region I() with arrows indicating the initiation sites is
shown in 3 to 5 orientation. Dotted lines indicate not shown sequences (see the legend to Fig. 2 for details). Bracketed sequences indicate the
regions to which the complementary oligo DNAs can hybridize, while the names of the oligos are shown below the brackets. Mutated (noncomple-
mentary) nucleotides in oligo-mii3 are boxed. (B) A representative denaturing gel analysis of radiolabeled RNA products synthesized by in vitro
transcription with CNV RdRp in the presence of complementary oligo DNAs. The PAGE was performed at 70°C in the presence of 40% formamide/8
M urea, which can fully denature the RNA/oligo DNA hybrid, allowing accurate migration of RdRp products during electrophoresis. The same amount
of R I() RNA templates was used in each experiment either in the absence or in the presence of the shown complementary oligo DNA (200 pmol
each). Products obtained by 3-terminal (ti) or internal initiation (ii1 to ii4) are shown on the left side of the gel (similar terminology was used as in
Fig. 1B). The RdRp products that should be inhibited in the presence of a given complementary oligo DNA are depicted with black arrows in each
lane. White arrows denote products that are likely generated via internal initiation from new sites. These products were found to be RNase I resistant
(not shown).
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from sequences around the region II and region III junc-
tion that was used to generate 72I/ii1 to 72I/ii4 series
of templates (Fig. 4). The RNase-resistant nature of the
internal initiation products together with their expected
sizes strongly supports that these RdRp products were
generated by internal initiation.
Interestingly, internal initiation from ii1 and ii2 in con-
structs 72I/ii1 and 72I/ii2 was lower than that ob-
tained with 72I/ii3 and 72I/ii4 (Fig. 4B). ii1 and ii2 are
also used less efficiently in DI-72() as well (Fig. 1B). It
is possible that these sequences are recognized less
efficiently by the CNV RdRp when they are embedded in
longer templates. It is also possible that initiation from ii1
and ii2 may require longer sequences than the 15 nt long
sequences inserted to 72I(). An alternative possibility
is that the secondary structures around the ii1 and ii2
sites in 72I/ii1 and 72I/ii2 are less favorable and thus
result in low levels of internal initiations with these con-
structs. Indeed, the predicted secondary structures
around the ii1 and ii2 sites in 72I/ii1 and 72I/ii2 are
different from those predicted to exist in R I() (not
shown). In contrast, ii3 and ii4 are located in single-
stranded regions in both R I() and 72I/ii3 and 72I/ii4
(not shown).
Analysis of requirements of internal initiation from
region III sequences
To further analyze factors that can influence internal
initiation, we have chosen minus-stranded region III se-
quences that were found to support internal initiation at
four sites (Fig. 2B). These internal initiation events were
further analyzed by inserting the middle segment of re-
gion III in reverse orientation into the ()-stranded DI-72
in the place of region III (CR, see Fig. 5A; Ray and White,
1999). As predicted, this construct was found to support
not only 3-terminal initiation from the regular minus-
strand initiation promoter located at the very 3 end of
region IV, but internal initiations as well from two sites
within the reverse-oriented region III sequences (Fig.
5B). Based on the sizes of the obtained RdRp products,
we estimated that “strong” internal initiation likely occurs
at a cytidylate located 18 nt, and a weak initiation 10 nt
from the 3 end of the region III-derived sequence (sche-
matically shown in Fig. 5A, the weak site was not char-
acterized further). Comparison of the efficiency of inter-
nal initiation from the strong site versus the efficiency of
3-terminal initiation from the minus-strand initiation pro-
moter revealed that the former was threefold higher than
the latter. This observation demonstrates that internal
initiation by the CNV RdRp can be very efficient. To map
the site of internal initiation, we made a series of 3
deletions as shown in Fig. 5A. Deletion of the whole
region IV resulted in initiation mainly at the weak site,
close to the 3 end of region III-derived sequence, while
this interfered with internal initiation occurring at the
strong site (CRRIV, Fig. 5B). Additional 3 deletion of 10
nt within the region III-derived sequence, however, re-
stored initiation at the strong site (CR10, Figs. 5A and
B). A 17 nt deletion of the 3 end of the region III-derived
sequence positioned the predicted initiating cytidylate at
the 3-terminal position (CR17, Fig. 5A) and it resulted in
efficient initiation from the 3 terminal cytidylate. The
efficiency of 3 terminal initiation with CR17 was lower
than the level of internal initiation obtained with the
full-length CR construct (Fig. 5A). Complete deletion of
the region III-derived sequence greatly interfered with
initiation (CR35, Figs. 5A and 5B).
To characterize the relative efficiency of internal initi-
ation versus 3-terminal initiation, we used template
competition assays as described above. In the template
competition experiments, we applied the same amount
FIG. 4. Testing the activity of internal initiation regions when inserted
into new RNA templates. (A) Schematic representation of constructs
tested in in vitro CNV RdRp assays. The constructs contain the 452 nt
721() sequence (DI-72 RNA without region I, see Fig. 1A) and one of
the four 16 nt internal initiation regions derived from region I() (ii1 to
ii4, Fig. 2). The internal initiation regions were inserted in complemen-
tary orientation between region II and region III as shown. The pre-
dicted initiation sites are indicated with arrows below the sequences.
Note that 721() lacks region I to avoid possible base pairing be-
tween the plus-stranded region I and the complementary internal
initiation regions derived from minus-stranded region I. The actual 3
end sequence of each construct is shown in 3 to 5 orientation as in
Fig. 2. (B) A representative denaturing gel analysis of radiolabeled RNA
products synthesized by in vitro transcription with CNV RdRp. The RNA
templates were used in equal amounts. Positions of the expected
template-sized RdRp products are marked with ti, while internal initia-
tion products are indicated with ii on the right. The control 721() did
not produce detectable amount of internal initiation product. RNase I
digestion of samples (lanes shown with ) was used to confirm the
nature of the RdRp products.
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of template RNA, while the amount of the competitor RNA
was increased. The ability of the template to compete
was estimated by calculating the IC50 value for the above
templates. The IC50 value determines the amount of com-
petitor RNA needed to reduce de novo initiation from the
given template RNA to 50% of the level obtained in the
absence of the competitor (modified from Chapman and
Kao, 1999; and Osman et al., 2000). The IC50 value for the
internal initiation was comparable to that of 3-terminal
initiation (Figs. 5C and D). Therefore, we conclude that
tombusvirus RdRp can initiate as efficiently at internal
locations as at 3-terminal sequences if these sites are
accessible on the template.
Sequences around the internal initiation sites
resemble core promoter sequences
To analyze whether there is similarity between 3-
terminal versus internal initiation, we compared se-
quences around the internal initiation sites in region I()
and region III() with the characterized minimal pro-
moter sequences for TBSV (Fig. 6). Interestingly, se-
quences located downstream of ii3 and ii4 (Fig. 2A) as
well as downstream of the strong initiation site in region
III() (in construct CR, Fig. 5A) have three features that
resemble the core plus-strand initiation promoter and the
putative subgenomic promoters 1 and 2 (Fig. 6A). First,
significant portions of these sequences are predicted to
be present as single-stranded regions with the initiating
one or more cytidylates unpaired (not shown). The sec-
ond common feature is the presence of one or usually
more cytidylates at the site(s) of initiation. The third
characteristic feature of these sequences is the pres-
ence of an A/U-rich sequence located downstream of the
initiating cytidylates.
In contrast, the features of ii1 and ii2 are dissimilar to
the core plus-strand initiation promoter, since they do not
have A/U-rich stretches downstream of the initiation
sites (Fig. 6B). They are more similar to the minus-strand
initiation promoter that consists of a hairpin structure
and a 3 nt single-stranded CCC tail (gPR, Fig. 6B; Pana-
vas et al., 2002). Interestingly, sequences around the ii2
are generated by 3-terminal initiation from the minus-strand initiation
promoter. The major RdRp product generated with CRRIV is estimated
to occur from a site (marked in A) that supported weak initiation with
the CR template.  and  above the gel indicate RNase I-treated or
untreated samples. (C) A representative denaturing gel analysis of
radiolabeled RNA products synthesized by in vitro transcription with the
CNV RdRp in the absence (left lane) or in the presence of a competitor
RNA (construct CONS, Panavas et al., 2002). The molar amount of
competitor was one-, two-, four-, and eightfold higher than that of the
template. The RdRp products generated by 3-terminal initiation are
marked T and the internal initiation products are marked ii, while the
product obtained from the competitor RNA is marked C. (D) A graphical
presentation of the competition experiments to show the IC50 values for
3-terminal versus internal initiation products.
FIG. 5. Characterization of internal initiation from minus-stranded
region III by the CNV RdRp. (A) Schematic representation of the con-
structs tested in in vitro CNV RdRp assays. Region III of DI-72() has
been replaced with a 35 nt sequence representing minus-stranded
region III sequences in CR [region III() was deleted to avoid base
pairing with the inserted sequence]. The actual region III-derived se-
quence of each construct is shown in 3 to 5 orientation. The sites of
expected initiation products are shown with arrows. Numbers next to
the arrows show the percentage of initiation as compared to the
3-terminal initiation from the minus-strand promoter in CR (100%).
Deleted sequences are shown with–. (B) A representative denaturing
gel analysis of radiolabeled RNA products synthesized by in vitro
transcription with CNV RdRp. The RdRp products generated by internal
initiation are depicted with arrows. Note that construct CR produces a
“weak” and a “strong” internal initiation products. CR17 also produces
the same RdRp product as CR and CR10, but initiation occurs from the
3 end. The slowly migrating products for DI-72() and CR templates
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initiation site can be folded to a hairpin structure (Fig.
6B). This indicates that gPR and ii2 sequences may
utilize similar mechanisms for initiation by the tombusvi-
rus RdRp. Since the predicted structure of ii1 is weak
(Fig. 6B), its recognition by the CNV RdRp may be differ-
ent from the other sequences shown in Fig. 6. Alterna-
tively, the structure of ii1 may be “strengthened” by inter-
action with distant RNA sequences. Overall, the data
suggest that most of the sequences involved in internal
initiation are similar to core promoter sequences that are
used for replication by the tombusvirus RdRp.
DISCUSSION
One of the intriguing features of the tombusvirus RdRp
is the ability to initiate from internal positions on minus-
stranded templates (Nagy and Pogany, 2000). Using DI-
72() RNA as a model template, we found 12 internal
initiation sites with at least one site present in each
region (Fig. 1). We mapped the initiation nucleotide(s),
which was one or more cytidylates, for five internal ini-
tiation sites (Figs. 2A and 5A). Analysis of sequences
located downstream of the initiation nucleotides re-
vealed that three of the internal initiation regions had
similar features to the core plus-strand initiation pro-
moter (Panavas et al., 2002) and the two subgenomic
RNA sequences located downstream of the initiation
sites (Fig. 6A). This suggests that these sequences might
be recognized in a way similar to the plus-strand initia-
tion promoter. This was further supported by data dem-
onstrating that the short internal initiation regions were
able to promote internal initiation when they were trans-
ferred to new locations on the plus-strand templates
(Fig. 5B).
Since the above promoter-like sequences are short
and diverse, it is possible that the 621 nt long minus-
stranded DI-72 RNA may contain many internal initiation
sites. Accordingly, Wu and White (1998) found 16 regions
in the minus-stranded DI-72 that were similar to the
“tombusvirus consensus sequence.” This estimation is a
little higher than the 12 RNAs (Fig. 1B) that we found in
the in vitro assay. It is possible that some of the consen-
sus sequences support internal initiation inefficiently.
Accordingly, we could see several faint bands on the gel
(Fig. 1B) that we did not analyze in detail. It is also
possible that secondary structure of the minus-stranded
DI-72 RNA inhibits internal initiation from some of the
sites (see discussion below). The level of initiation of
RNA synthesis may also be influenced by proximal cis-
acting elements (Panavas and Nagy, unpublished).
Two additional internal initiation regions, namely ii1
and ii2, were dissimilar to the plus-strand promoter se-
quence. Instead, they, especially ii2, showed features
similar to the minus-strand initiation sequence that is
predicted to form a hairpin structure. The role of the
hairpin structure in minus-strand initiation was analyzed
in protoplasts for the cymbidium ringspot virus, a related
tombusvirus (Havelda and Burgyan, 1995). The formation
of hairpin structures similar to the 3-terminal hairpin
was also predicted for the ii1 (though it is only a “weak”
hairpin) and ii2 regions (Fig. 6B). Taken together, the
mapped internal initiation regions were similar to known
or predicted promoter sequences/structures, suggesting
that these sequences/structures play role in internal ini-
tiation.
Surprisingly, internal initiation from several sites was
more efficient than from the 3-terminal promoter (Fig. 1).
Internal versus 3-terminal initiation was further analyzed
with a minus-stranded region III sequence that was al-
most threefold more efficient in initiation than the 3-
terminal minus-strand initiation promoter (Fig. 5A). Plac-
ing the originally internal initiation sequence at a 3-
terminal position did not result in higher rate of initiation,
confirming that internal initiation can be as efficient as
3-terminal initiation in our in vitro RdRp system (Fig. 5).
It is possible that the efficiency of internal initiation may
be influenced by cis-acting (enhancer-like) elements
present in proximal locations to the initiation sites. Ac-
cordingly, internal initiation from the region III ()-de-
rived sequence in the CR construct occurs efficiently
when the region II() sequence was at a nearby down-
stream location (Fig. 5). We have shown previously that
region II() sequence can stimulate RNA synthesis from
an upstream promoter sequence by approximately three-
fold (Panavas et al., 2002). Overall, these results suggest
that internal initiation by the CNV RdRp may be facilitated
by proximal cis-acting (enhancer-like) elements.
FIG. 6. (A) Sequence comparison between the plus-strand initiation
promoter (cPR, Panavas et al., 2002), the internal initiation sequences
(ii3 and ii4, Fig. 2A; and CR, Fig. 5A) and the two putative subgenomic
promoter sequences (Hillman et al., 1989; Hearne et al., 1990). Con-
served cytidylates are boxed (dark gray), while AU-rich stretches are
enclosed with light gray boxes. Sequences are shown in 3 to 5
orientation since they represent minus-stranded sequences. (B) Se-
quence/structure comparison between the minus-strand initiation pro-
moter (gPR, Panavas et al., 2002) and the internal initiation sequences
(ii1 and ii2, Fig. 2A). The initiating cytidylates are boxed. The secondary
structures are based on predictions using the M-fold program
(Mathews et al., 1999).
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It is possible that internal initiation on minus-stranded
templates is less efficient in the infected cells than in the
in vitro assay. The high level of internal initiation ob-
served in the in vitro RdRp system may be the result of
the use of large amounts of minus-stranded templates in
these experiments. In contrast, the amount of minus-
stranded RNA is low compared to the plus-strands in
infected cells (Russo et al., 1994; Buck, 1996). This and
other factors may promote the formation of partial or
complete double-stranded RNAs (possible replication in-
termediates) during virus infection. We speculate that the
structured (base-paired) regions in the minus-stranded
RNAs may be less available for internal initiation by the
CNV RdRp in vivo. Also, the structure of the genomic
minus-stranded RNA may be different from that of the DI
RNA used in this study, thus potentially reducing the
efficiency of internal initiation. This will certainly be in-
teresting to study both in vivo and in vitro.
Efficient internal initiation observed with the tombus-
virus RdRp has also been described for the turnip yellow
mosaic virus (TYMV) and, to a less extent, for bacterio-
phage Q and TCV RdRps with short artificial templates
(Yoshinari et al., 2000). Internal initiation took place at
multiple CCA repeats when they were present in single-
stranded regions. In contrast, CCA repeats that were
“buried” in hairpin structures were not used as initiation
sites by the above viral RdRps (Yoshinari et al., 2000;
Deiman et al., 2000). The tombusvirus RdRp can also use
CCA repeats for initiation (Panavas et al., 2002), but the
efficiency of initiation from CCA repeats is much lower
than from promoter sequences. Since many of the inter-
nal initiations described in this work were as efficient or
more efficient than 3-terminal initiation from promoter
sequences, we suggest that most internal initiations on
minus-strand DI-72 templates are promoted by promoter-
like sequences and not by CCA initiation boxes.
The best known examples of internal initiation in sev-
eral viral systems, such as BMV and TCV, are the sub-
genomic RNA synthesis that takes place on minus-
stranded genomic RNA (reviewed in Kao et al., 2001).
Subgenomic RNA synthesis in the above systems re-
quires the presence of subgenomic promoter sequences
that determine both the sites and the efficiencies of
subgenomic RNA synthesis (Adkins and Kao, 1998). The
mechanism of subgenomic RNA synthesis is currently
not known for tombusviruses. In vivo experiments, how-
ever, suggest that first truncated minus-strands are syn-
thesized by premature termination on the plus-strand
templates by the RdRp (Zhang et al., 1999). The truncated
minus-strands then may serve as templates for plus-
strand subgenomic RNA synthesis. However, the prema-
ture termination could possibly result in extra 3-terminal
sequences if termination takes place several nucleotides
upstream of the subgenomic promoters. Therefore, it is
possible that subgenomic RNA synthesis may involve a
mechanism similar to internal initiation described in this
work, although it may take place in the absence of a
3-terminal plus-strand initiation promoter. Accordingly,
sequence similarity between the putative subgenomic
RNA sequences and several internal initiation sites ex-
ists at the initiation nucleotides and within the immediate
downstream regions (Fig. 6A).
The possible role(s) of internal initiation in tombusvi-
ruses is not known. Internal initiation may play a role in
the evolution of DI RNAs. For example, Wu and White
(1998) isolated novel DI RNAs, which are derived from
other DI RNAs, in protoplasts that lacked region I se-
quences. They proposed that these novel DI RNAs,
which contained the tombusvirus consensus sequence
at their 3 end (minus-strand sequence), might have
been generated by internal initiation. Our results on in-
ternal initiation in the in vitro CNV RdRp system are
consistent with such a mechanism.
We suggest that an additional role(s) of internal initia-
tion in tombusviruses is to generate intermediate tem-
plates used for RNA recombination and/or DI RNA for-
mation, both of which occur at high frequency in tom-
busviruses (White and Morris, 1994a; White and Morris,
1999; Wu and White, 1998). For example, the “5-trun-
cated” plus-strand RNA produced by internal initiation on
either the minus-stranded genomic, subgenomic, or DI
RNAs may be used by the tombusvirus RdRp as tem-
plates in subsequent rounds of replication. The truncated
products then may promote RNA recombination by “forc-
ing” the RdRp to switch templates during RNA synthesis
(Fig. 7). Depending on the RNAs involved and the sites of
internal initiations, template switching may lead to dele-
tions (e.g., generation of DI RNAs, Hillman et al., 1987;
Wu and White, 1998; White and Morris, 1999), duplica-
tions (e.g., DI RNA evolution, White and Morris, 1999), or
RNA recombination (e.g., recombinant genomic RNA,
White and Morris, 1994a). Accordingly, White and Morris
(1995) have demonstrated that the 5 end of truncated
positive-strand RNAs, which are basically similar to the
putative RNA products generated by internal initiation on
minus-stranded templates, constitutes recombination
“hot spots” in tombusviruses. Therefore, it will be inter-
esting to study further the role of internal initiation prod-
ucts in better understanding the mechanism of RNA
recombination and/or DI RNA formation.
MATERIALS AND METHODS
Plant inoculation and CNV RdRp preparation
N. benthamiana plants were inoculated with CNV
genomic RNA transcripts obtained by standard T7 RNA
transcription using a SmaI linearized clone of pK2/M5
p20STOP for CNV (Rochon, 1991). CNV RdRp prepara-
tions were obtained from systemically infected leaves as
described by Nagy and Pogany (2000).
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Preparation of RNA templates
For the in vitro experiments, RNA templates were ob-
tained by in vitro transcription reaction with T7 RNA
polymerase using PCR-amplified DNA templates (Nagy
et al., 1997, 1999). Construct DI-72XP, which represents
the full-length T7 RNA polymerase transcribable cDNA
clone of DI-72 RNA (White and Morris, 1994a), was a
generous gift of Andy White. Construct pK2/M5p20STOP
(Rochon, 1991), representing the full-length T7 RNA poly-
merase transcribable cDNA clone of CNV genomic RNA,
was the generous gift of D’Ann Rochon. pK2/M5p20STOP
contains a mutation within the p20 gene that eliminates
the lethal necrosis induced by the wt CNV in N.
benthamiana.
PCR-based methodology was used to generate all the
constructs in Figs. 2 to 5. The template for the PCR was
FIG. 7. Possible roles for the internal initiation products during tombusvirus infections. (A) DI RNA formation may be promoted by “forced” template
switching (indicated by a dotted line) by the RdRp from the RNA template, which was previously generated via internal initiation during replication,
to a genomic RNA or DI RNA intermediates (not shown). These forced template switching events may lead to frequent deletions (shown with a solid
line) and generation of DI RNAs in plants. Plus-strand RNAs are shown with boxes closed by dotted lines. Deleted sequences are shown with thin
solid lines (White and Morris, 1994b, 1995). (B) Possible roles for internal initiation products in DI RNA evolution. The proposed forced template
switching events occurring between intermediate RNAs (derived from internal initiation) and DI RNAs may lead to sequence deletions (shown on the
left side) or sequence duplications (shown on the right side) in DI RNAs. This type of recombinant was observed before (White and Morris, 1994b,
1995). The symbols are the same as in A. (C) A possible role for internal initiation products in RNA recombination. Products of internal initiation may
promote RdRp-driven template switching between two tombusvirus RNAs [examples are genomic TBSV RNA (gray boxed) and a DI RNA], thus
resulting in a recombinant virus. This type of recombinant was observed before (White and Morris, 1994a, 1995). Other symbols are the same as in A.
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DI-72XP. The primers used are listed in Table 1, while the
primer sets for each PCR amplification are shown in
Table 2. The 16 nt long internal initiation regions from R
I() were introduced into DI-72SXP between region 2
and region 3. The primer set in the PCR to generate
72I/ii1, 72I/ii2, 72I/ii3, and 72I/ii4 were the follow-
ing: 20/426, 20/427, 20/428, and 20/429, respectively. The
PCR products were digested with PstI and XbaI and
inserted into PstI-XbaI sites of DI-72SXP. The obtained
constructs were used in subsequent PCR with oligos
123/21 to generate templates for RNA transcription with
the T7 RNA polymerase.
After T7 RNA transcription and phenol/chlorophorm
extraction, unincorporated nucleotides were removed by
repeated ammonium-acetate/isopropanol precipitation
(Nagy et al., 1997). The obtained RNA transcripts were
dissolved in sterile water and their amount and size were
measured by a UV spectrophotometer and 5% polyacryl-
amide/8 M urea gel (denaturing PAGE) analysis (Nagy et
al., 1997).
RdRp assay
RdRp reactions (50 l) were carried out as previously
described (Nagy and Pogany, 2000). Each RdRp reaction
contained 0.2 g of template RNA. The conditions of the
RdRp assays were also the same for the oligo-mediated
inhibition experiment with the exception of adding a
selected complementary oligo DNA (200 pmol each) to
the reaction mix prior to the addition of the RdRp. In the
template competition experiments, the amount of the
template RNA (100 ng/l) was the same in each reaction,
TABLE 1
Primers Used for Construction of DNA Templates for T7 Transcription
Primer Sequence Position
15 GTAATACGACTCACTATAGGGCATGTCGCTTGTTTGTTGG c150–168a
20 GGAAATTCTCCAGGATTTCTC 1–20
21 GGGCTGCATTTCTGCAATGTTCC c4753–4776
22 GTAATACGACTCACTATAGGGCTGCATTTCTGCAATGTTCC c4754–4776a
31 GTAATACGACTCACTATAGGAAATTCTCCAGGATTTC 1–19a
123 GTAATACGACTCACTATAGGAGAATTGTAACTTCCAACA 140–156a
125 GAGATGAGTGTAAATCTG 4433–4450
126 TAAATCTGGCATAGCATAC 4443–4461
127 GGCATAGCATACAGGTT 4450–4466
128 CTGCAGTTCTCTGCTTTTAC 1507–1520
231 TTGGAAATTCTCCTTCGTTTATCTGGTGAC 1–11/28–44
366 TATCTGGTGACTTGCG 34–49
367 GCTTTGCGTAGAGAAT 58–73
368 AGTTGTGGGGTTTGAA 97–112
370 TTTCGGGGGGATAAAT 127–141
396 AGTTGTTTAATTTGAA 97–112
403 TTGCGCTACCGTTGCT 45–60
404 TTTCGCTACCGTTGCTT 48–61
405 TTTCGTAGAGAATTTCTC 64–78
406 TTTGAAGGTTGGGTCT 107–122
407 GATAAATTGTAACTTCCA 135–152
426 CACTGCAGTTGCGCTACCGTTGCTTTCTCTGCTTTTACGA 45–62/1507–1522
427 CACTGCAGTTGCGTAGAGAATTTCTTCTCTGCTTTTACGA 61–77/1507–1522
428 CACTGCAGTTGTGGGGTTTGAAGTTCTCTGCTTTTACGA 97–113/1507–1522
429 CACTGCAGTCGGGGGGATAAATTGTTCTCTGCTTTTACGA 128–144/1507–1522
a Italics was used to indicate the T7 promoter sequence.
TABLE 2
Primer Sets Used for PCR to Generate the Following DNA Constructs
Construct Primers Construct Primers Construct Primers Construct Primers
DI-72 20/22 R1() 231/15 46 403/15 46C/A 404/15
62C/A 405/15 97 368/15 107 406/15 127 370/15
135 407/15 Oligo-ii1 366 Oligo-ii2 367 Oligo-ii3 368
Oligo-ii4 370 Oligo-mii3 396 CR 31/21 CR4 31/125
CR410 31/126 CR4117 31/127 CR4CR 31/128
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while the molar amount of competitor was one-, two-,
four- and eightfold higher than that of the template. After
phenol/chloroform extraction and ammonium-acetate/
isopropanol precipitation, half the amount of the RdRp
products was treated with RNase I nuclease as recom-
mended by the supplier (Roche). Subsequently, the RdRp
products were analyzed on a 20 or 32 cm long denatur-
ing 5% PAGE/8 M urea gels, followed by analysis with a
phosphorimager as described (Nagy and Pogany, 2000).
Selected samples of RdRp products were also analyzed
by electrophoresis performed at 70°C in the presence of
40% formamide/8 M urea in the DCode system (Bio-Rad).
The data for each sample were normalized based on the
number of templated UTP incorporation (Nagy and
Pogany, 2000).
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